The middle temporal (MT) area has traditionally been thought to be a retinotopic area. However, recent functional magnetic resonance imaging and psychophysical evidence have suggested that human MT may have some spatiotopic processing. To gain an understanding of the neural mechanisms underlying this process, we recorded neurons from area MT in awake behaving animals performing a simple saccade task in which a spatially stable moving dot stimulus was presented for 500 ms in one of two locations: the presaccadic receptive field or the postsaccadic receptive field. MT neurons responded as if their receptive fields were purely retinotopic. When the stimulus was placed in the presaccadic receptive field, the response was elevated until the saccade took the stimulus out of the receptive field. When the stimulus was placed in the postsaccadic receptive field, the neuron only began its response after the end of the saccade. No evidence of presaccadic or anticipatory remapping was found. We conclude that gain fields are most likely to be responsible for the spatiotopic signal seen in area MT.
Introduction
When staring at a point in space, the region of a scene represented in detail is small. We make multiple fast movements with our eyes to various points in space to obtain a more comprehensive picture of the world. As this occurs, the image incident on our retina is constantly changing, but we perceive the world as stationary (Wurtz, 2008) . One way that this stability is thought to occur is via the passing of information from neuron to neuron within a cortical area before or during the time of a saccade (Duhamel et al., 1992) . This "remapping " removes the smear of visual information racing across the retina and provides a more stable map of the visual field. A second possibility is that a signal from the eyes (Wang et al., 2007) or from areas driving the eyes (Sommer and Wurtz, 2002) giving information about their position can be combined with the visual information to calculate the locations of objects in a spatial reference frame (Zipser and Andersen, 1988) . Such a signal is thought to be present in a number of visual areas in the form of gain fields (Andersen and Mountcastle, 1983; Bremmer et al., 1997; Bremmer, 2000) . A third and more idealized way to accomplish this stability would be if some neurons were spatiotopic, i.e., their frames of reference are tied to a fixed reference point in the world, and the information they encode does not change when eye movements are made (Galletti et al., 1993) . However, neurons in most visual areas are thought to be strictly retinotopic, i.e., their frames of reference are tied to a fixed point on the retina, so every eye movement brings new stimuli into the receptive field.
The middle temporal (MT) area is thought to be very important in the perception of motion, and it was generally accepted that it performed its tasks in retinotopic coordinates (Albright and Desimone, 1987; Krekelberg et al., 2003; Gardner et al., 2008) . However, a recent functional magnetic resonance imaging (fMRI) study suggested that human MT has a spatiotopic processing component (d 'Avossa et al., 2007) , and psychophysical evidence from adaptation, perceptual learning, and integration studies appear to support this (Melcher and Morrone, 2003; Melcher, 2005; Zhang and Li, 2010) (but see Afraz and Cavanagh, 2009; Knapen et al., 2009; Morris et al., 2010) . Recently, we conducted a psychophysical study on humans which used a shortterm memory for motion task that appeared to corroborate the possibility of spatiotopic processing in area MT . While MT neurons are known to have gain fields (Bremmer et al., 1997) , it is not clear whether such activity explains the apparent spatiotopic blood oxygenation level-dependent (BOLD) signal in human MT (d 'Avossa et al., 2007) . In this study, we asked if the activity of MT neurons can explain the spatiotopic processing seen in these studies via presaccadic remapping or by the presence of spatiotopic receptive fields. We found that MT neurons processed information in a retinotopic coordinate frame and did not appear to exhibit preparatory remapping with a spatially and temporally stable stimulus.
Materials and Methods
Subjects. All experiments were approved by the Chancellor's Animal Research Committee at the University of California, Los Angeles as com-plying with the guidelines established in the Public Health Service Guide for the Care and Use of Laboratory Animals. Two male rhesus monkeys (8 -10 kg) were implanted with head posts, scleral search coils, and recording cylinders during sterile surgery under general anesthesia; animals were initially anesthetized with ketamine and dexdomitor and maintained with isoflurane. For details, see Mirpour et al. (2009) .
Physiological recordings. We recorded extracellular single-unit activity from area MT using tungsten microelectrodes guided by coordinates from MRI images. Recorded neurons were considered to be in MT if they were found on the floor of the superior temporal sulcus, showed robust directionally selective responses to moving dot stimuli, and had receptive field sizes consistent with those found in previous studies (Desimone and Ungerleider, 1986; Albright and Desimone, 1987) . After isolating the response of a single neuron, the size and position of the receptive field was mapped. The preferred direction was calculated by recording the response of the neuron to eight standard directions of motion (0, 45, 90, 135, 180, 225, 270 , and 315°from vertical) using a random dot stimulus (100% coherence) and fitting the data with a Gaussian. The preferred direction was taken as the peak of the Gaussian fit. We discriminated action potentials during the recording epoch using the MEX pattern spike sorter (monkey E) or SortClient using the Plexon system (monkey D). The experiments were run using the REX system (Hays et al., 1982) , and visual stimuli were presented on a cathode ray tube (CRT) using the associated VEX software. Eye positions were monitored using the DNI coil system and signals were collected at 1 kHz.
Behavioral task. Stimuli were presented on a Samsung SyncMaster 1100DF CRT running at 100 Hz situated in a dark room. The temporal precision of stimulus onset and offset was captured by a photoprobe on the corner of the monitor. To begin a trial (Fig. 1) , the monkeys had to fixate a spot on the screen (FP1); they were required to maintain fixation as long as the spot was on. In most trials, the initial fixation point was extinguished after 300 -800 ms, and a new fixation point (FP2), to which the animals had to make a saccade, appeared simultaneously. The position of FP2 was chosen so that it was not in the receptive field when the animal was fixating FP1 and that its onset never produced a significant response. Once set, the positions of these two points were kept constant throughout the session (Fig. 1 A) . In all cases, the animals had to maintain fixation within a 3.5 deg square window. In most of the trials, a task irrelevant moving dot stimulus (100% coherence) was presented at the presaccadic (RF1) or postsaccadic (RF2) receptive field location for 500 ms. The stimulus was composed of 5.5 dots per deg 2 moving at 8 deg/s in the preferred direction. The stimulus appeared 50 ms before the initial fixation point was extinguished (Fig. 1 B) . Given a mean saccadic latency of 258.7 Ϯ 56.7, this resulted in the stimulus being presented on average for 308 ms before the saccade. In the remaining trials, the animal made a saccade, but no moving dot stimuli were presented.
Neural data analysis. Data were recorded from 73 MT neurons. We analyzed neural activity from all correctly performed trials. Data were aligned by stimulus onset, the beginning of the saccade, and the end of the saccade. Spike density functions were calculated by convolving spike trains with a Gaussian kernel with a 10 ms . Data were normalized by the value of the half-height of the visual response.
To compute the latency of the neural response, we used the Poisson method described previously (Maunsell and Gibson, 1992; Bisley et al., 2004) . Briefly, a Poisson distribution of the background activity was taken from the 100 ms before stimulus onset. The latency was taken as the first bin of three consecutive bins after the stimulus onset to have a response that was significantly greater ( p Ͻ 0.01) than that found in the background distribution. For stimulus onset, bin sizes were 2 ms, but for the postsaccadic responses, which were sometimes less consistent, bin sizes of 4 -6 ms were occasionally used. The response-off time was defined as the time at which the spike density function first dropped below a value that was halfway between the presaccadic response and the response well after the saccade.
Results

Absence of spatiotopic receptive fields in area MT
To test whether neurons in area MT have spatiotopic or retinotopic receptive fields, we trained 2 monkeys to perform a saccade task during which a 100% coherent moving dot stimulus was presented for 500 ms in one of two locations. Within a session, the two fixation points (and hence the direction of the saccade) were kept constant, as were the locations of the stimuli (RF1 and RF2) (Fig. 1 A) . These trials were randomly interleaved with trials in which a flash could occur briefly around the time of the saccade; the results of which are described below. Before running this task, the direction tuning of the isolated neuron was recorded so that the dots in the saccade task moved in the neuron's preferred direction. We recorded the activity of 73 single MT neurons (30 from monkey D; 43 from monkey E) in this task.
All 73 neurons had retinotopic receptive fields. Figure 2 A (black trace) shows the recorded response of a single neuron when the stimulus was presented in RF1, while the monkey was fixating FP1. The gray bar on the abscissa represents the interval in which the stimulus was present. When a saccade from FP1 to FP2 occurred, and the stimulus was placed in RF1, the neuronal response fell off (green trace), as would be expected of a neuron with a retinotopic receptive field. Likewise, when the stimulus was presented in RF2, the main increase in visual activity occurred after the saccade had been made (blue trace), also consistent with a retinotopic receptive field. In this neuron, there was a small initial response that occurred at a slightly longer latency when the stimulus was placed in RF2. This occurred in ϳ10% of the neurons and is consistent with the activity of MT neurons to remote stimuli (Zaksas and Pasternak, 2005) .
Similar retinotopic responses were seen in all of the neurons we examined; no single neuron showed evidence of a true spatiotopic receptive field. Thus, the mean normalized population response shows a clear transition in response from RF1 to RF2 across the saccade (Fig. 2 B) . There was also a noticeable increase in activity as the stimulus in RF2 was brought into the receptive field (blue trace), compared with the response when the monkey was fixating FP1 and the stimulus was present in RF1 (black trace). This is probably because the response of the neuron to the stimulus in RF1 had adapted after ϳ300 ms of presentation, so the initial response to a stimulus brought into the receptive field Figure 1 . Task. A, In a given session, the positions of the initial fixation point (FP1), the saccade target (FP2), the presaccadic receptive field (RF1), and the postsaccadic receptive field (RF2) were set so that the classical retinotopic receptive field at FP1 was RF1 and the receptive field at FP2 was RF2. B, In the stable moving dot stimulus task, a 500 ms coherently moving dot stimulus appeared in the receptive field 50 ms before FP1 was extinguished. This was typically ϳ308 ms before saccadic onset.
of an unadapted neuron by a saccade appears greater. However, this response was not as strong as the initial visual transient seen when the stimulus first appeared in RF1.
Absence of perisaccadic remapping of a stable stimulus
Although the receptive fields were clearly retinotopic, we asked whether spatiotopic processing could occur via presaccadic or anticipatory remapping (Duhamel et al., 1992) . To do this, we analyzed the latencies of the neural responses under conditions in which the stimulus was presented in the receptive field and under conditions in which the stimulus was brought into the receptive field by a saccade. We found that the latency of the response to a stimulus brought into the receptive field by a saccade when aligned by the saccade offset (Fig. 3A, blue trace) was similar to the response latency when the stimulus was first presented in the receptive field (black trace). To quantify this, we calculated the latency of the visual on-response from individual neurons and compared it to the latency of the response aligned by saccade onset (Fig. 3A, green trace) and by saccade offset (blue trace). The differences between the latencies for all neurons in which latencies could be quantified are shown in the histograms in Figure 4 , A and B. It is clear that when aligned by saccade onset (Fig. 4 A) , the latencies of the postsaccadic responses were significantly longer than the on-response latencies ( p Ͻ Ͻ 0.001, t test comparing mean with 0), with a mean difference in latency of 31.5 Ϯ 1.8 ms.
Only one neuron had a response latency aligned by saccade onset that was shorter than the visual latency. Thus, we can conclude that MT neurons do not show significant presaccadic remapping to a spatially stable moving stimulus. Furthermore, there was no significant difference in response latencies between the postsaccadic response aligned by saccade offset and the on-response latencies ( p ϭ 0.635) (Fig. 4 B) . From this, we interpret that there is not even a quickening of the latency, which would indicate anticipatory remapping.
To test whether the variation in alignments shown in Figure 4 , A and B, were due to the distance between receptive fields, we asked whether there was any correlation between this distance and the latency. We were unable to find any correlations between the length of the saccade or the distance between the edges of the moving dot stimulus and the alignment of neural latencies ( p Ͼ 0.47). Together, these data suggest that the responses of MT neurons are driven by light hitting the relevant photoreceptors on the retina, whether by stimulus onset or by being brought on to them by a saccade.
Another way that neural responses could produce a spatiotopic BOLD response is by maintaining information about a stimulus after a saccade has taken the stimulus out of the receptive field. To test this, we compared the drop off in activity when a stimulus was taken out of the receptive field by a saccade to the drop off in activity when the stimulus was turned off. The off time was defined as the time at which the spike density function first dropped below a value that was halfway between the presaccadic response and the response well after the saccade. In all cases, the neural response decreased (Fig. 3B) ; however, this did not occur immediately. The mean off times were 23.2 Ϯ 2.8 ms, 49.6 Ϯ 3.0 ms, and 66.6 Ϯ 3.8 ms when aligned by saccade offset (blue trace), saccade onset (green trace), and stimulus offset (black trace), respectively. The differences between the off times under the two saccade alignments and the off time from stimulus offset are shown in Figure 4 , C and D. There was a small but significant difference in off-response between the drop off when the stimulus was extinguished and when the saccade data were aligned by saccade onset ( p Ͻ 0.001). Consistent with this, we found a greater difference when the saccade data were aligned by saccade offset ( p Ͻ Ͻ 0.001). Interestingly, in both cases, the off times occurred earlier when a saccade took the stimulus out of the receptive field than when the stimulus disappeared. This is the opposite to what would be predicted if spatiotopic processing was occurring and may be consistent with a weak effect of saccadic suppression (Bremmer et al., 2009 ).
Discussion
Area MT has historically thought to be an area that has retinotopic receptive fields and processes information in retinotopic coordinates; however, recent studies have suggested that it may contain some spatiotopic processing (Melcher and Morrone, 2003; d'Avossa et al., 2007; Ong et al., 2009) . We looked at the response of neurons in area MT to stable moving dot stimuli and found that MT neurons responded as if they had purely retinotopic receptive fields and did not show presaccadic or anticipatory remapping.
In the 40 years in which the responses of MT neurons have been recorded (Allman and Kaas, 1971) , no studies have explicitly tested whether the receptive fields of MT neurons were retinotopic or spatiotopic by having animals make a saccade while a stimulus was presented in the neurons' receptive fields. This is most likely because of the robust retinotopic receptive fields seen under typical recording conditions and the fact that receptive fields appeared to be retinotopically stable when gaze was set at different locations to study gain field activity (Bremmer et al., 1997) . However, given the recent suggestion that human MT has some spatiotopic selectivity (d 'Avossa et al., 2007) , and the psychophysical result that some processing in a memory for motion task was optimal in a spatiotopic coordinate system with MT-like receptive field sizes , we asked whether singleunit activity in MT had any spatiotopic processing. Consistent with our expectations, we found that receptive fields in MT were clearly retinotopic. Furthermore, we found that the timing of the activity around the time of a saccade was consistent with a visual on-response to a stable moving dot stimulus. Similar conclusions have recently been reached by a study that used a general linear model to extract receptive field information from a random noise stimulus during the slow phase of the optokinetic nystagmus and during fixation (Hartmann et al., 2011) .
It is possible that the spatiotopic processing seen in the functional imaging was not due to spatiotopic receptive fields but was due to retinotopic information being passed from one neuron to another before or at the time of a saccade. Averaged out over the hemodynamic response, this may appear as a spatiotopic signal. Such remapping is found in many neurons in later cortical and subcortical areas (Duhamel et al., 1992; Walker et al., 1995; Umeno and Goldberg, 1997 ) and, to briefly flashed stimuli, in a number of earlier visual areas Colby, 2000, 2002) . We asked whether MT neurons show this remapping by comparing the onset of the visual response to the onset of the response to the stimulus as it was brought into the receptive field by a saccade. We found that almost all of the neurons showed no evidence of presaccadic remapping. Furthermore, the mean latency for the postsaccadic response aligned by saccadic offset was not different to the visual latency, suggesting that MT does not respond to a stimulus brought into its receptive field until the eye stops moving. Finally, we showed that the response to a stimulus does not linger once it has been moved out of the receptive field by a saccade. Together, we interpret these data as suggesting that there is no remapped response in MT that can explain the spatiotopic signal seen in the fMRI study.
Given that MT neurons appear to have purely retinotopic receptive fields (Hartmann et al., 2011) , and no presaccadic or anticipatory remapping, one may ask: what is the genesis of the spatiotopic signal that has been seen in human area MT (d 'Avossa et al., 2007) ? One possible difference is the species; however, Gardner et al. (2008) have shown retinotopic processing in human MT in a task involving focused attention at the fovea. This has lead to the hypothesis that the spatiotopic signal may require peripheral attention (Burr and Morrone, 2011) . In our study, the animal was neither required to carry out a task at the fovea nor the periphery, but we expect that the absence of an attention-demanding task at the fovea would appropriate sufficient attentional resources to a sudden onset stimulus in the periphery (Jonides and Irwin, 1981) , giving us a response that would be similar to that in the study identifying spatiotopic processing in human MT (d 'Avossa et al., 2007) . This leaves the possibility that gain fields, seen in single MT neurons (Bremmer et al., 1997) , may be the best explanation of the spatiotopic BOLD signal in human MT.
